INTRODUCTION
In eukaryotic cells, the genomic DNA is etched with a number of chemical modifications called epigenomic modifications (epimodifications). These epi-modifications add an extra layer of information to the genomic sequence and enable it to encode a more complex program of gene regulation (Karli c et al., 2010; Maunakea et al., 2010) . Different epi-modifications affect how the DNA interacts with transcription factors, although many mechanisms remain unknown (Campos and Reinberg, 2009 ).
Adding to the complexity, the genomes are far from being completely annotated on the functional level, making it necessary to first find regulatory genomic sequences before we can understand their complex regulatory roles.
Evolutionary comparisons provide a powerful tool to study genome functions. This became obvious when it was recognized that the majority of DNA can mutate freely without deleterious effects, whereas certain sequence elements are more constrained (Kimura, 1968) . Leveraging this theory, researchers have inferred functional genomic segments by examining genomic sequence conservation (Hardison, 2003) and have identified human-specific regulatory DNA by looking for sequences with accelerated rates of evolutionary change (Pollard et al., 2006) .
The successes in genomic comparisons beg the question: can we also use evolution to study the functions of the epigenome? To do so, the basic evolutionary properties of the epigenome must be established first, preferably in the contexts of both genomic and transcriptomic evolution. To explore relationships among evolutionary changes to the genome, the epigenome, and the transcriptome, several specific questions were of critical interest. First, evolutionary selection has left clear traces on the human genome (Ren, 2010) ; what are the traces of evolutionary selection on the human epigenome? Second, are evolutionary changes to the epigenome merely a consequence of genomic sequence changes or, rather, has the epigenome made the genome more or less susceptible to evolutionary selection? Third, the degree of gene expression conservation correlates poorly with the extent to which nonexonic sequences are conserved among vertebrates (Chan et al., 2009; Wilson et al., 2008) ; might this discrepancy be explained by the epigenome? Fourth, mammalian orthologous transcription factors (TF) often do not bind to orthologous DNA sequences (Jegga et al., 2008) , as only $5% of the OCT4-and NANOG-binding sites occupy homologous sequences in human and mouse embryonic stem (ES) cells (Kunarso et al., 2010) ; do epigenetic modification enzymes apply the same types of modifications to orthologous sequences in mammals?
Among many types of epi-modifications (Tan et al., 2011) , a subset is known to correlate with gene transcription. For example, DNA cytosine methylation (C m ) (Maunakea et al., 2010) , histone 3 lysine 27 trimethylation (H3K27me3), and histone 3 lysine 9 trimethylation (H3K9me3) may repress gene transcription, whereas histone 3 lysine 4 mono-, di-, and trimethylation (H3K4me1/2/3), lysine 27 acetylation (H3K27ac), and lysine 36 trimethylation (H3K36me3) are positively associated with transcription (Karli c et al., 2010) . The roles of some epigenomic marks (epi-marks) remain controversial. For example, histone variant H2A.Z is generally assumed to be associated with active promoters because it anticorrelates with C m in plants, insects, and fish (Zemach et al., 2010) . Consistent with this, H2A.Z is associated with active promoters in flies (Weber et al., 2010) . However, H2A.Z is associated with inactive promoters in yeasts (Guillemette et al., 2005; Raisner et al., 2005) . The role of H2A.
Z has yet to be tested in mammals.
Even for the epi-modifications whose roles are better established, they may have undiscovered functions. The functions of many epi-modifications have so far only been evaluated individually, primarily due to the difficulty of assessing the functional significances of colocalized epi-marks. Any two epi-marks can colocalize in some genomic regions, but such colocalizations do not necessarily serve any regulatory functions. The best documented epi-marks colocalization is probably the bivalent domain (H3K27me3+H3K4me3), which is hypothesized to be poised for activation during differentiation of embryonic stem cells (ESCs) (Mikkelsen et al., 2007) . We wish to develop a method to systematically examine the functions of epi-modifications and, more importantly, the functions of combinations of epi-marks. We propose to leverage the connection between evolutionary conservation and functional importance to achieve this goal.
Here, we introduce ''comparative epigenomics''-interspecies comparison of epigenomes-as an approach for annotation of the regulatory sequences of the genome. We created a multispecies epigenomic data set from pluripotent stem cells of humans, mice, and pigs, which is comprised of genomic distributions of DNA methylation and eight histone modifications, the binding intensities of four transcription regulators (NANOG, OCT4, P300, and TAF1), and transcribed RNA sequences. We first examined the coevolution properties among the epigenome, the genome, and the transcriptome. Comparing epigenomic changes to genomic changes, we observed strong epigenomic conservation for both rapidly evolving and slowly evolving DNA sequences, but not on neutrally evolving DNA sequences. These data suggest that epigenomic conservation is not completely dictated by genomic sequences. On the other hand, interspecies epigenomic changes are linearly correlated with evolutionary changes of transcription factor binding and gene expression, suggesting that comparative epigenomics can directly reveal critical information on gene regulation. Based on these initial analyses, we set out to discover regulatory sequences by conserved colocalization of different epi-marks. To test the functions of these putative regulatory sequences, we developed a differentiation assay in which mouse embryonic stem cells were differentiated into mesendoderm cells. Our time course chromatin immunoprecipitation sequencing (ChIP-seq) and RNA sequencing (RNA-seq) data in this differentiation process confirmed the regulatory functions of all seven pairs of epi-marks identified by conserved colocalization. Thus, conserved colocalization is an efficient approach to identify functional epi-mark combinations from a large (combinatorial) number of random combinations of epi-marks. More importantly, comparative epigenomics reveals regulatory features of the genome that cannot be discerned from sequence comparison alone.
RESULTS
Epigenomes of Human, Mouse, and Pig Pluripotent Stem Cells To answer the above questions, we conducted a comparative epigenomics study (Mikkelsen et al., 2010 ) with a focus on evolution. We generated and compiled from published work the genomic distributions of nine epigenetic modifications, including C m , H2A.Z, H3K4me1/2/3, H3K9me3, H3K27me3, H3K27ac, and H3K36me3; and also the binding of four transcription regulators, P300, TAF1, OCT4, and NANOG, in pluripotent stem cells of humans, mice, and pigs (Sus scrofa) (West et al., 2010) . C m was assayed by both methylated DNA immunoprecipitation followed by sequencing (MeDIP-seq) and by DNA digestion by methyl-sensitive restriction enzymes followed by sequencing (MRE-seq) (Maunakea et al., 2010) . Histone modifications and binding of transcription regulators were assayed with ChIP-seq. Gene expression was measured by RNA-seq technology. Taken together, a total of 48 sequencing data sets were compiled, among which 29 data sets (73 billion bases) were generated from this study (GEO accession number GSE36114), and the 19 other data sets (27 billion bases) were compiled from three published works (Chen et al., 2008; Goren et al., 2010; Lister et al., 2009) (Table  S1 , top, available online).
Comparative Epigenome Browser
To manage, visualize, and compare these data, we built an interactive data analysis system, the Comparative Epigenome Browser (http://sysbio.igb.uiuc.edu/cpbrowser). A useful analytical feature of this system is a side-by-side comparison of epi-modifications on orthologous genomic regions.
Interspecies Epigenomic Variation Is Greater Than Within-Species Variation
We compared interspecies and within-species epigenomic variations. Based on histone modifications, human and mouse cell lines cluster separately. Hierarchical clustering showed that two human embryonic stem cell (hESC) lines and three human induced pluripotent stem cell (hiPS) lines cluster tightly together, and it also showed that mouse embryonic stem cell (mESC) and two mouse epiblast stem cell (mEpiSC) lines cluster together separately from the human cells ( Figures S1A-S1F ). The tight clustering of different sources of pluripotent cells within a species was based on comparison of all human-mouse orthologous genes, and the results were consistent for both the activation mark H3K4me3 and the repressive mark H3K27me3, regardless of the distance metric used ( Figures S1C and S1D ). These data indicate that interspecies epigenomic differences are greater than within-species differences. H3K4me3 and H3K27me3 are the only two marks that have been assayed in both naive and primed pluripotent stem cells (Nichols and Smith, 2009 ) in a genome-wide manner. Lab-to-lab variation in ChIP-seq data is relatively small ( Figure S1G ) and thus is unlikely to affect this result. Consistently, hierarchical clustering of gene expression data showed strong within-species similarities (Pearson correlation = 0.86 ± 0.19; rank correlation = 0.91 ± 0.09) and a clear interspecies difference (Pearson correlation = 0.36 ± 0.03; rank correlation = 0.60 ± 0.04) ( Figure S1E ).
Traces of Evolutionary Conservation of the Epigenome
The pronounced interspecies epigenomic differences provoked the question of whether there are any traces of conservation of the epigenome. We started by analyzing the epi-modification intensities for various features of the genome, including intergenic regions, promoters, exons, introns, and 5 0 and 3 0 untranslated regions (UTRs). The distribution of the intensities of each epi-modification on each type of genomic feature was summarized ( Figure 1 , box plots), and then these distributions were combined into an ''epi-mark intensity'' distribution for all genomic regions for a species (Figure 1 , any panel of nine box plots). A nonparametric test with the null hypothesis that epimark intensity distributions are different across species generated a p value for every epi-mark. These p values ranged from 10 À10 (C m ) to 10 À2 (H3K4me3), indicating that the relative difference in epi-modification intensities on different genomic features is in general consistent across species, although the consistency levels vary from modification to modification. This pattern of conservation provides evolutionary support for the idea of using epigenomic data to predict functional noncoding genomic features (Ernst and Kellis, 2010) . We then asked whether the co-occupancy of two epi-marks is conserved across species. In the human genome, nonrandomly coappearing epi-marks include H3K4me1/2/3 (null hypothesis: epi-marks appear independently in the genome; minimum odds ratio = 4.55; p value < 10 À20 ), H3K27ac, and H3K4me1/2/3 (minimum odds ratio = 10.3; p value < 10 À20 ), as well as H3K27me3 and H3K4me1/2/3 (minimum odds ratio = 4.14; p value < 10 À20 ). Nonrandom, mutual-avoiding epi-modifications include C m versus H3K4me2/3 (odds ratio = 0.70; p value < 10 À20 ). These nonrandom co-occupancy patterns are conserved in mouse and swine genomes . Even weak co-occupancy patterns between any two of H3K27me3, H3K36me3, and H3K4me1/2/3 are conserved in all three species (p value < 10 À9 ). In contrast to being antagonistic chromatin marks in plants, insects, and fish (Zemach et al., 2010; Zilberman et al., 2008) , H2A.Z and C m are not clearly anticorrelated in any of the three mammals (observed total length of comarked regions Rexpected total length of comarked regions). Instead, H3K4me2/3 and H3K9me3 exhibit stronger anticorrelation to C m ).
Next, we tested whether the genomic regions with one or a pair of epi-modifications are correlated with conserved genomic sequences. Genomic regions with all assayed epimodifications, except for H3K9me3, are correlated with sequence-conserved regions (odds ratio = 1.43; p value < 10 À20 ) ( Figures 2B and S2D-S2F ). With the exception of 
Interspecies Conservation of Epigenomic Modifications
Each box plot represents the distribution of the normalized intensities of the indicated epi-modifications (e.g., C m , uppermost row) in various genomic regions (e.g., 500 bp upstream of genes, leftmost column). Median, quartiles, maximum, and minimum intensity values are shown in each box plot (see insert). The assembly of nine box plots shows the distribution of relative intensities of an epi-modification on different genomic regions in a species (e.g., C m in human, uppermost and leftmost panels). p value indicates the support to conservation of each epi-modification, calculated from a nonparametric test comparing the data in the left, middle, and right. See also Figure S1 .
H3K9me3-marked regions, the genomic regions with two epimodifications are also correlated with conserved sequences (p value < 10 À9 ), often with stronger correlations than single epi-modification regions.
If the epigenome is evolutionarily conserved, one would expect to see not only that epi-modification marked and conserved sequences are positively correlated, but also that orthologous sequences in two genomes share the same epi-modifications. To test this hypothesis, we categorized conserved regions of the human genome into three distinct sets, which are strongly, moderately, and weakly conserved in 46 vertebrate species, respectively (Siepel et al., 2005) . In each set, we quantified epigenomic conservation by the ratio between the observed number of sequences whose orthologous sequences share the same epi-modification and the expected number of epi-sharing orthologous sequences ( Figure S2K ). H3K27me3, H3K36me3, H3K4me2, and H3K4me3 showed 3-to 20-fold increases in co-occupancy of human-mouse or human-pig orthologous sequences than would be expected by random chance (maximum p value < 10 À7 ). For H3K27me3, H3K36me3, H3K4me1/2/3, and C m , as the level of sequence conservation increases, the chance of orthologous sequences sharing the same epi-modification also increases. Taken together, these data suggested that examinations of the co-occupancy of epi-marks, the correlation between epi-modification and conserved regions, and the co-occupancy of orthologous sequences may be viable approaches to assess epigenomic conservation. Log ratio between the number of genomic regions carrying two epi-modifications (shown as row and column names) and the expected number, calculated from a null model that the epi-modifications appear independently of each other (each small box, red: log ratio > 0, co-occupancy; blue: log ratio < 0, anticooccupancy). With a few exceptions, both positive and negative co-occupancies of any epi-marks are conserved across species, as seen in similar colors of the three consecutive boxes in a row. (B) Log ratio between the number of conserved regions carrying one (diagonal boxes) or two (nondiagonal boxes) epi-modifications and the expected number, calculated from a null model in which conserved regions and epi-modified regions appear independently. Conserved genomic regions are determined by six pairwise comparisons shown in six small boxes outlined with a darker edge. For example, the leftmost upper box refers to the human genomic regions conserved in a human versus mouse comparison. All genomic regions with epi-modifications, except H3K9me3, were positively associated with conserved regions (red). H3K9me3 selectively marks nonconserved regions (blue). Bivalent domains (comarked by repression mark H3K27me3 and activation mark H3K4me2/3) exhibited the strongest association with conserved regions. See also Figures S1 and S2.
The ''U-Shaped'' Correlation between Epigenomic and Genomic Conservations To globally examine the relationship between genomic evolution and epigenomic changes, we categorized the human genome into 50 distinct sets of sequence segments and ordered these sets by nucleotide substitution rate (see Experimental Procedures). We then identified the epigenomic conservation levels in every set . The enhancer mark H3K27ac, gene-body mark H3K36me3, and C m exhibited increased conservation in both the accelerated substitution rate (rapidly changing) and reduced substitution rate (conserved) sets. H3K4me3 and H3K27me3 exhibited increased conservation in reduced substitution rate sets. In summary, a U-shaped correlation was observed between genomic selection and epigenomic conservation. The large portion of evolutionary neutral or near-neutral sequences exhibit a baseline epigenomic conservation level that forms the bottom of the U shape, and the sequences with accelerated or reduced substitution rates, respectively, exhibit enhanced epigenomic conservation, making the two ends of the U shape tilt upward ( Figure 3B ). The increased conservation levels for H3K27ac, H3K36me3, and C m in rapidly changing sequences indicate that epigenomic conservation is not completely determined by interspecies sequence similarity. To further test this hypothesis, we directly correlated epigenomic conservation with interspecies sequence similarity. This is a different test from the vertebrate conservation analysis ( Figure 3A ) because the nucleotide substitution rate estimated from 46 vertebrates does not necessarily correlate with pairwise sequence similarity between two species (Prabhakar et al., 2008) . Except for H3K9me3, pairwise comparisons among human, mouse, and pig genomes consistently rule out a direct correlation between sequence similarity and epigenomic conservation (p value < 10 À20 ) ( Figure S2L ). These data indicate that either pairwise alignment is not sufficient to detect epigenomic conservation or epigenomic conservation is not a simple consequence of sequence similarity. Therefore, we hypothesized that either: (1) some epi-modifications may directly facilitate nucleotide substitution or (2) some conserved epimodifications may buffer negative selective pressure, providing the genome greater freedom to change. Consistent with the former hypothesis, C m is more mutagenic than C (Coulondre et al., 1978) ; the C/T change occurs more frequently than other changes between human and chimpanzee genomes, and such a change depends on local GC content (Jiang and Zhao, 2006) . Because mechanisms that associate histone modifications with DNA mutations remain unidentified, we explored the plausibility of the latter hypothesis. To buffer sequence changes from negative selective pressure, the epigenome must buffer genomic changes from generating phenotypic outcomes through, for example, concomitant transcriptome changes. To explore this possibility, we started by asking whether the same combination of epi-modifications is predictive of gene expression in every species. In each species, we used a linear regression model to fit the expression value of every gene to the nine measured epi-mark intensities in its promoter, and we used a model selection procedure to choose the epi-modifications that are predictive of gene expression. With only four epi-mark intensity values, the expression of every gene can be predicted in each species (largest p value < 10 À16 ) ( Figure S3A ). The models did not overfit ( Figure S3D ), and the epi-marks to expression predictive power matches 52.7%-81.3% of using one RNA-seq data set to predict another (as measured by R 2 ; Figure S3C ). The epi-modifications predictive of gene expression levels were almost identical among humans, mice, and pigs, including H3K4me3, H3K36me3, H3K27me3, and H3K27ac ( Figure S3B ). The only exception was that, in pigs, H3K9me3 replaced H3K27ac in the final (A) The human genome was categorized into 50 distinct sets by nucleotide substitution rates (x axis). These sets were ordered from the fastest changing (1st), to neutral (17th), and to slowest changing (50th). Epi-conservation levels by human-mouse (green) and human-pig (orange) comparisons are plotted on the y axis. Similarly, the mouse genome was categorized into 50 sets, and the epi-conservation levels in a mouse-pig comparison were plotted (blue).
(B) Schematic representations of the correlations between sequence selection and epi-conservation. Some epi-marks exhibit a U-shaped correlation, whereas others can be represented by the right half or the flat bottom of the U curve. See also Figure S2 .
model due to a large correlation (0.91) between H3K4me3 and H3K27ac data. These data show that gene expression can be predicted by a conserved set of epi-marks, reiterating the idea that epigenomic conservation can be used to study gene regulation.
Interspecies Epigenomic Changes Are Predictive of Interspecies Changes of Gene Expression and Transcription Factor Binding
We then asked whether interspecies epigenomic changes are correlated to transcriptomic changes. The interspecies differences of epi-modification intensities are predictive of interspecies gene expression differences (p value < 10 À16 ) (Figure 4) . In a control experiment, when interspecies epi-mark intensity differences were considered, the original epi-modification intensities in each species did not contribute to further explain gene expression difference (Table S2 ). This implies that the epigenomic information associated with changes of gene expression between species is distinct from the epigenomic information associated with gene expression variation within a single species. For example, the human RNA-processing gene DDX17 (FPKM = 70.89) expressed higher than the human AVPI1 (FPKM = 2.99), a gene related to mitogen-activated protein kinase (MAPK) activity. Although this within-species expression difference can be predicted by human epi-mark intensities, the interspecies differences of expression for these genes cannot be predicted ( Figure S3E ). However, the moderate decrease of DDX17 expression (from humans to mice) and the 438% increase of AVPI1 expression were associated with interspecies changes of epi-modifications. In contrast, published cross-species analysis of tissue expression data found no identifiable sequence-to-expression correlation in vertebrates (Chan et al., 2009) . Similarly, we could not find any apparent correlation between interspecies sequence difference and expression difference by using a simple model (Figure 4 ). Take the calcium channel, voltage-dependent, gamma subunit 7 (CACNG7) gene as an example: its 12,000 bp upstream sequences are conserved in humans, mice, and pigs, whereas its expression levels are high in humans and mice but low in pigs. However, marks of active promoters, H3K4me2/3, are conserved in humans and mice, but not in pigs, providing a correlation for the interspecies expression differences with epi-marks ( Figure 5 ).
Epigenetic Differences Sequence Differences
One possible mechanism to explain how transcriptomic evolutionary changes might relate to epigenomic changes is that epigenomic changes may influence TF binding intensities. In each species, epi-mark intensities are strongly correlated with the total binding intensities of all assayed TFs ( Figures  S4A-S4C) . As a representative TF, NANOG's in vivo binding sites are surrounded by cell-type-specific epigenomic patterns ( Figure S4D ). The evolutionary changes of epi-mark intensities are predictive of binding intensity changes of OCT4 (p value < 10 À22 ), NANOG (p value < 10 À22 ), and P300 (p value < 10 À22 ) (Figure 4 , left). The weak association between interspecies sequence changes and TF binding changes (Figure 4 , right) is related to the finding that very few OCT4 and NANOG proteins bind to orthologous sequences (Kunarso et al., 2010) . These data are in line with the hypothesis that the epigenome may buffer the evolutionary changes of genome sequences from generating evolutionary changes in TF binding, gene expression, and phenotypic outcomes. Such a process would alleviate evolutionary selection pressure on sequence changes by masking genetic changes from immediate phenotypic changes. These data do not rule out the idea that genetic changes can introduce coding changes and therefore can be evolutionarily selected.
Evolutionarily Conserved Colocalization of Different Epigenomic Marks Defines Several Classes of cisRegulatory Sequences
We set out to test the functions of evolutionarily conserved epimark combinations (Figure 2 and Table 1 ) by using a cell differentiation assay. During ESC differentiation, the directions of epigenomic changes and expression changes of nearby genes were expected to reflect the function of an epi-mark combination (Rada-Iglesias et al., 2011; Zentner et al., 2011) . We differentiated mESCs into mesendoderm cells Yasunaga et al., 2005) , a lineage in which the dynamic changes of the epigenome has not been examined. On day 6 of differentiation, almost all cells expressed the mesendoderm protein Goosecoid (GSC) and endoderm protein SOX17 ( Figure S5A ) and exhibited typical mesendoderm morphology ( Figure S5B ). Pluripotency genes Oct4, Sox2, and Nanog were downregulated, and mesendoderm markers Gsc and Chordin (Chrd) and endoderm markers Foxa2, Sox17, Lim1, and Hnf4 were upregulated ( Figure S5C ). We mapped the epigenomes and the transcriptomes of day 4 and day 6 differentiated cells by using ChIP-seq and RNA-seq, adding a total of 18 data sets (38 billion bases) to our overall data set (Table S1 , bottom and Figure S6 ). Seven pairs of epi-marks were identified as conserved comodifications in pluripotent stem cells, namely H2A.Z+H3K4me2/3, H3K27ac+H3K4me1/2, H3K27ac+H3K4me2/3, H3K27me3+ H3K4me1/2, H3K27me3+H3K4me2/3, H3K36me3+H3K27ac, and H3K36me3+H3K4me1 (Table 1 ). The bivalent domain (H3K27me3+H3K4me2/3) was the most conserved epi-mark combination among all 36 pairs of modifications ( Figure 2B ), lending credence to the approach of using epigenomic compar- ison for identifying gene regulatory regions. To illustrate how our time course experiment can reveal the functions of an epi-mark combination, we examined how bivalent domains regulate the early stages of mESC differentiation in a lineage-specific manner. It resulted that not all bivalent domains behave the same. Four subclasses of bivalent domains with different dynamic behaviors were discovered. On day 6, the majority of sequences either retained both marks (40.7% of the sequences) or lost H3K27me3 while retaining H3K4me2/3 (36.7%). These sequences were preferentially located near transcription start sites (TSS) ( Figure S7A , I and III). As expected, the genes whose promoters lost H3K27me3 but retained H3K4me2/3 exhibited higher expression ( Figure 6A , red line) than those that kept both marks (purple line), and those that kept both marks were higher than those that kept H3K27me3 but lost H3K4me2/3 (green line). These data indicate that there are subclasses of bivalent promoters, which may be activated, still-poised, repressed, or suffer a loss of both marks during mesendoderm formation. We further examined the functions of genes regulated by each subclass of bivalent promoters. The genes with activated promoters are enriched for Gene Ontology (GO) terms of ''transforming growth factor b (TGF-b) and receptor binding'' (p value < 10 À17 ), ''mesoderm formation'' (p value < 10 À13 ), and ''positive regulation of BMP pathway'' (p value < 10 À9 ), consistent with the mesendoderm differentiation process. For example, the bivalent promoters of mesendoderm marker gene Gsc and mesoderm regulatory gene Bmp7 were activated ( Figure S6 ). On the other hand, ''neuron fate commitment'' was enriched in both the still-poised (p value < 10 À118 ) and the repressed (p value < 10 À13 )
subclasses. These data reveal an intricate coordination among distinct subclasses of bivalent promoters that facilitates lineage-specific differentiation. We expected the conserved comodifications H3K27me3+ H3K4me1/2 to mark poised enhancers (Bernstein et al., 2006; Rada-Iglesias et al., 2011 ). On day 6 of differentiation, 31.8% of H3K27me3+H3K4me1/2-marked regions removed repression mark H3K27me3 and kept activation mark H3K4me1/2. The genes next to this subset of hypothetically activated enhancers exhibited increased expression on days 4 and 6 ( Figure 6B , red line), which was even greater than the expression of genes associated with other dynamic epigenomic patterns (purple, green, and blue lines). Assuming that an enhancer may regulate a target gene within 50,000k bp, we estimated that about 4,618 genes could be regulated by poised enhancers. The number is on the same order as that of bivalent-promoter-regulated genes ($5,194) . In addition, conserved H3K27ac+H3K4me1/2 and H3K27ac+H3K4me2/3 marked active enhancers and promoters as expected (Figures 6C and 6D) .
The most conserved comark of H2A.Z was H3K4me2/3. H2A.Z is a variant of H2A and is required for early mammalian development (Faast et al., 2001) . Despite the usual assumption that H2A.Z is associated with active gene expression in multicellular organisms (Weber et al., 2010; Zemach et al., 2010) , we found H2A.Z not to be positively associated with gene expression levels in mESCs (Pearson correlation = À0.0066; Figure S7D) . This is consistent with the lack of global anticorrelation of H2A.Z and C m in all three mammals (Figure 2A) . Thus, H2A.Z could be a repressor mark in mammals, and H2A.Z+H3K4me2/3 could mark poised promoters rather than active promoters as is generally assumed. Indeed, H2A.Z+ and H3K4me2/3-promoters were less active than H2A.Z-and H3K4me2/3-promoters, and H2A.Z+ and H3K4me2/3+ promoters were less active than H2A.Z-and H3K4me2/3+ ( Figure S7C ). More importantly, during differentiation, the H2A.Z+ and H3K4me2/3+ promoters in ESCs that lost the H2A.Z mark became more active ( Figure 6E , red line), and those that lost H3K4me2/3 but kept H2A.Z were downregulated ( Figure 6E , green line). Thus, we propose that H2A.Z is a repressor mark in mammalian pluripotent stem cells and that H2A.Z+H3K4me3 marks a class of poised promoters.
H3K36me3, H3K27ac, and H3K4me1/2 exhibited pairwise conservation. Whereas H3K4me1 and H3K27ac were previously associated with enhancers, H3K36me3 has been typically regarded as a mark for actively transcribed regions. The conserved colocalization of H3K36me3 with H3K27ac and H3K4me1/2 tempted us to explore H3K36me3 as an enhancer mark as well. Consistent with this thought, active enhancers make transcripts (eRNA) (Ren, 2010) ; H3K36me3 could be associated with any transcribed regions, including active enhancers. If this hypothesis holds, we would predict that H3K36me3 should avoid overlapping with bivalent (poised) enhancers. Indeed, the epi-mark that has the least colocalization with H3K27me3 is H3K36me3 (Figure 2A ). During differentiation, the genes near (not overlapping with) sequences that lost H3K36me3 and H3K27ac (or H3K4me1) exhibited lower expression than those with one mark lost, which in turn exhibited lower expression than those that retained two marks ( Figures 6F and 6G) . Thus, we propose that H3K36me3, when coappearing with H3K27ac or H3K4me1/2, is a mark of active enhancers. In summary, it is powerful to use epi-mark combinations to annotate regulatory sequences and to form hypotheses about their functions. The difficulties of having too many epimark combinations and not knowing how to distinguish random versus functional colocalizations can be overcome by using evolutionary conservation.
DISCUSSION
Many of the functional regions in the human genome have been identified by comparative genomic approaches based on evolutionary principles. Here, we provide a view of the evolutionary properties of the mammalian epigenome and illustrate coevolutionary relationships among genomes, transcriptomes, and epigenomes. These results show how comparative epigenomics, an emerging field that studies evolutionary patterns of -S7 and Table S1 .
epigenomes, can use epigenomic information to functionally annotate genomes. We compared interspecies epigenomic changes to both genomic and transcriptomic changes. Our data show that the degree of epigenomic conservation is not always correlated with the degree of genomic conservation but that epigenomic conservation can yield additional information to genomic conservation. More importantly, the conservation levels of epigenomes are indicative of the conservation levels of gene expression, further illustrating that epigenomic comparison can shed light on regulatory functions of the genome.
Evolution appears to have left traces on mammalian epigenomes, and one identifiable trace is in the combination of epimarks. Some combinations coappear (colocalize) in a conserved manner. The conservation of colocalized epi-marks is much stronger than the conservation level of each epi-mark, thus making the combinations computationally identifiable. We used a stem cell differentiation assay to test the regulatory functions of the conserved epi-mark combinations. These tests confirmed the regulatory functions of all (seven out of seven) conserved epi-mark combinations, suggesting that interspecies comparison can efficiently distinguish functional colocalization of epi-marks from nonfunctional combinations. This highlights an efficient approach to identify functional epi-mark combinations from a large (combinatorial) number of candidate combinations.
Our studies also reveal the phenomenon that the conservation levels of three epi-marks increase for genomic regions with accelerated sequence changes (related to positive selection [Sabeti et al., 2006] ). This is a surprising finding because we expected the epigenomic conservation to be weak at locations where the genomic conservation is also weak. This suggests that epigenomic conservation may be used in conjunction with sequence comparison to identify positively selected regions to reveal functional sequences that make humans unique. Finally, the correlated evolutionary changes of the epigenome, the transcriptome, and TF binding suggest the functional importance of the epigenome in mammalian transcription networks (TNs). This may explain the limited successes in human TN reconstruction using only the information of DNA sequence motifs and gene expression, which were sufficient for reconstruction of yeast TNs (Segal et al., 2003) .
EXPERIMENTAL PROCEDURES Processing Sequencing Data
ChIP-seq and RNA-seq data were mapped to genome assemblies hg19, mm9, and susScr2 by using Bowtie software. MeDIP-seq and MRE-seq were analyzed by using methods described in Maunakea et al. (2010) . Epi-modification intensities of a 200 bp region were estimated based on the overlapping ChIP-seq reads in this region. A 200-bp-long sliding window was used to scan every genome to compute TF binding and epi-modification intensities. All analyses were repeated with 100 and 300 bp sliding windows, as well as a 200 bp window with a different conservation threshold (Figures S2A-S2F ).
Global Analysis of Genomic and Epigenomic Conservations
Categorizing the Human Genome by Rate of Sequence Change The human genome was divided into 15 million 200 bp segments. A PhyloP score was computed for every base from 46 vertebrate genomes (Cooper et al., 2005; Pollard et al., 2010) , and an average PhyloP score was computed for each 200 bp segment. These genomic segments were put into 50 equalsized sets with increasing average PhyloP scores. The first set with the smallest PhyloP scores are the fastest-changing sequences. The last set with the largest PhyloP scores are the most conserved.
Quantifying Epigenomic Conservation
In the human-mouse comparison, a 200 bp human genomic segment was determined to be epigenomically conserved if the mouse orthologous sequence was marked by the same epi-modification. For each set of genomic segments, the average number of epigenomically conserved segments was calculated. This average number was then divided by its expectation to obtain a ratio. The expectation was derived from an independence model in which epigenomic conservation was assumed to be independent of sequence conservation. The ratio was used as a quantitative measure of epigenomic conservation for each sequence set. Human-pig and mouse-pig comparisons were done similarly. All analyses were repeated with 100 and 300 bp segment sizes, as well as 200 bp segments with a different conservation threshold (Figures S2G-S2J ). This conservation threshold was only used to determine the orthologous sequences on which epigenomic data should be retrieved for estimating epigenomic conservation levels. To account for gene conversion, transposon, and multigene families, all ''one-to-many'' alignable sequences between any two species were removed from this analysis. Whether any sequence has a one-to-one or one-to-many alignment to another species was determined by processing UCSC pairwise alignment chain files.
Conservation Level and Sequence Identity
Sequence conservation level was estimated by Phastcons (Siepel et al., 2005) scores computed by the UCSC Genome Browser group using 46 vertebrate genomes. The human genome was put into strongly, moderately, and weakly conserved groups with Phastcons scores in [1, 1], [0.5, 1] and [0.1, 0.5], respectively. Human-mouse and human-pig orthologous regions were identified by the LiftOver results stored in the UCSC Genome Browser. Sequence identities of these LiftOver regions were estimated based on the proportion of matched nucleotides in local alignments to the total length of the two sequences.
Linear Regression
In each species, the expression level of every gene is regressed to the eight epi-modification intensities on the upstream sequence of the gene. A forward stepwise model selection procedure was used to select the epi-modifications that were predictive. In evolutionary analysis, the interspecies gene expression differences were regressed to epi-modification differences. The same forward selection procedure was applied.
Control for Hot Spots of Aberrant Epigenomic Reprogramming
All analyses were repeated with and without the genomic regions with epigenetic differences between iPS cells and ESCs (Table S3 ). The differences in computed statistics were all below 0.1% of the SDs of these statistics, making no changes to the order of computed p values.
In Vitro Differentiation of mESCs Undifferentiated E14 mESCs were cultured under feeder-free conditions. Guided differentiation was carried out as previously described . Briefly, 2 3 10 5 cells were seeded on Collagen-IV-coated 10 cm dishes (BD, in serum-free medium ESF-B (Itochu Corporation) supplemented with 0.1% bovine serum albumin (BSA), 50 mM 2Me, and 10 ng/ml Activin A. Medium was changed every day.
Immunofluorescence Staining 10,000 to 20,000 cells were seeded on Collagen-IV-coated 35 mm dishes (Ibidi 45074) with the same medium as in guided differentiation. Cells were fixed with 4% paraformaldehyde. Primary antibodies for GSC (Origene, TA500087) and Sox17 (Millipore 09-038) were incubated at the same time for 2 hr at 37 C.
Secondary antibodies, goat anti-mouse conjugate Alexa 568 (Invitrogen A-11031) and goat anti-rabbit conjugate Alexa 488 (Invitrogen A-11034), were each subsequently incubated for 2 hr at 37 C. DNA was stained by
Hoechst 33342 (Invitrogen, H3570) for 15 min at room temperature. Images were taken by a Zeiss LSM 700 microscope.
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